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Mixed effects modelsExcess macro-nutrients, metal contamination and light limitation are three of the most commonly encountered
anthropogenic stressors affecting seagrass meadows. In this study, the effects of different combinations of nutri-
ents (N-NO3, P-PO4), copper and irradiancewere investigated in shoots of Cymodocea nodosa collected from three
meadows in the N. Aegean Sea, one (Nea Karvali) impacted by anthropogenically-derived environmental
stressors and two in more pristine condition (Thasos, Brasidas). In a series of laboratory experiments, shoots
were exposed to varying nutrient and heavy metal concentrations, as well as varying irradiance levels, for
8 days and the effective quantum yield (ΔF/Fm′) and leaf elongation were quantiﬁed. Results showed that
C. nodosa increased ΔF/Fm′ under high nutrient concentrations (30 μΜ N-NO3−–2 μΜ P-PO43−) but signiﬁcant
differences were only apparent in shoots collected from the oligotrophic-less stressed meadows. Irradiance af-
fected ΔF/Fm′ signiﬁcantly in all shoots irrespective of source and PO4-P concentration, while higher values
were measured under low light conditions and it was identiﬁed as the main pathway of eutrophication stress
in N. Aegean Cymodoceameadows. Shoots, independently of acclimation were tolerant to copper enrichment,
with only the highest copper concentrations (4.7 and 7.9 μM) having signiﬁcant negative effects on ΔF/Fm′.
Shoots from the more pristine meadows were less affected by Cu than those from the highly stressed meadow.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Seagrass meadows are sensitive ecosystems that show variations in
their distribution both seasonally and spatially (Boudouresque et al.,
2009a). Natural factors such as the creation of gaps during winter
storms, disease and herbivory can alter their distribution (Walker
et al., 2006), as can human activities resulting from the expansion of
populations living adjacent to estuaries and coastal waters. In some ex-
treme cases anthropogenic stressors have led to the complete loss of
meadows (Orth et al., 2006). Of particular concern to seagrasses are
those environmental stressors that alter the quality and clarity of the
water, such as nutrient and sediment inputs from runoff and sewage
disposal, upland development, dredging, chemical pollution derived
from industrial and agriculture practices and aquaculture (Short and
Wyllie-Echeverria, 1996).
To develop effective planning procedures for the conservation of
these valuable ecosystems, it is vital that an understanding of the
response mechanisms to anthropogenic stressors be established.
However, studies that have investigated the effects of and responses., 54454 Thessaloniki, Greece
athanasiou).to a range of environmental stressors in seagrasses have yielded varying
and often conﬂicting results. Different responses to nutrient enrichment
both in the water column and the sediment (i.e. positive, negative and
none) have been observed in different species, and also within species
from different biogeographical regions (Ceccherelli and Cinelli, 1997;
Lee et al., 2007; Udy and Dennison, 1997; Udy et al., 1999; Walker
et al., 2004). For example, while there was an increase in shoot size
with nutrient (N+ P) addition in Thalassia testudinum and Syringodium
ﬁliforme (Ferdie and Fourqurean, 2004), a decrease was observed in
Zostera marina (Short et al., 1995). These and other similar results
imply that a common response mechanism to speciﬁc stressors is lack-
ing in seagrasses, and that adaptation and/or acclimatization to chang-
ing conditions are important in determining the level of tolerance and
their reactions to speciﬁc and combinations of stressors.
Eutrophication is one of the main stressors that impacts seagrass
beds and that reﬂects the intensity of anthropogenic activity within an
area. In general, low to medium nutrient enrichment (3.5–35 μM total
N) can result in increases in biomass, productivity and shoot size
(Udy and Dennison, 1997), although negative effects on physiological
and morphological responses to this range of concentrations have also
been reported (Burkholder et al., 1992; Erftemeijer et al., 1994; Worm
and Reusch, 2000). Therefore, to identify the effects that nutrient
enrichment has on an individual species it is important to establish
how different populations of that species respond.
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et al., 2008), the main pathway by which eutrophication affects seagrass
meadows is via light deprivation due to increases in phytoplankton and
opportunistic macroalgae (Kelaher et al., 2013). Low irradiance can nega-
tively affect seagrasses by reducing their photosynthesis with less energy
for growth and also restricting their depth distribution to shallower wa-
ters (Bryars et al., 2011). For example, Abal et al. (1994) showed that if
Zostera capricorni receives, less than 100–500 μmol photons m−2 s−1, at
the midday peak, its respiration demand exceeds the rate of carbon ﬁxa-
tion resulting in reduced growth rates. Seagrasses have mechanisms to
withstand low light conditions, such as by maintaining a large number
of inactive PSII centers that act as energy quenchers of trapped light
energy (Ralph, 1999), but sustained shading eventually causes the
meadow's decline (Orth et al., 2006).
While the effect and relationship between nutrients and irradiance
has been studied by several researchers (Leoni et al., 2008), most efforts
have been concluded in situ, or in mesocosms. The correlation between
these two factors under controlled laboratory conditions, in the absence
of other confounding abiotic factors that could inﬂuence the results, has
been scarcely studied and not at all for Cymodocea nodosa. Moreover,
little is known about the interactive effects of anthropogenic stressors
and natural factors (e.g. temperature, salinity, etc.) that could play an
important role in these types of studies.
Metals are major sources of anthropogenic contaminants in estuar-
ies and coastal waters in various parts of the world (Macinnis-Ng and
Ralph, 2002). The kinetics of metal accumulation, and their effects on
physiological and biochemical processes, is known for some seagrass
species (Filho et al., 2004; Malea et al., 2013b). Results indicate that
metals act on CO2 ﬁxation, thus affecting photosynthesis and, in partic-
ular, PSII (Prasad and Strzalka, 1999). More recent studies have success-
fully made use of chlorophyll-a ﬂuorescence to measure the efﬁciency
of PSII under metal exposure (Macinnis-Ng and Ralph, 2002; Ralph
and Burchett, 1998), although, as yet, not on C. nodosa.
Copper (Cu) is an essential micronutrient for photosynthetic organ-
isms, including seagrasses, used in the synthesis of plastocyanins that
play a role in transporting electrons from PSI to PSII (Macinnis-Ng and
Ralph, 2002), and is actively taken up (Ambo-Rappe et al., 2011). At
high concentrations, Cu inhibits the enzymatic activity that controls
pigment biosynthesis and leads to chlorophyll degradation, depletion
of iron or substitutes for magnesium in the chlorophyll atom (Malea
et al., 2013a; Prasad and Strzalka, 1999), alters the permeability of
thylakoid membranes and modiﬁes the chloroplast ultrastructure
(Ouzounidou, 1993). Since it inhibits electron transport at both donor
and acceptor sites of PSII, exposure of shoots to Cu should cause a
decrease in photosynthetic performance.
C. nodosa is the second most important seagrass species in the
Mediterranean, in terms of ecological importance and abundance
(Barbera et al., 2005; Boudouresque et al., 2009b). It is a subtidal species
that can be found from shallow to very deepwaters (50–60m) inwarm
waters (Borum et al., 2004). In the N. Aegean it forms extensive
meadows that are mostly mono-speciﬁc or mixed with Zostera noltii
(Orfanidis et al., 2005). Even though it is susceptible to anthropogenic
disturbances and suffers regression close to human mediated activities
(Tuya et al., 2014), it is considered to be resilient to natural and anthro-
pogenic environmental stresses in comparison to other seagrasses such
as Posidonia oceanica (Marín-Guirao et al., 2013) and can display signif-
icant rates of growth that allows it to colonize bare areas within short
periods of time (Cabaco et al., 2010). Its fast growth rate and ability
to tolerate and quickly adapt to high levels of environmental stress
make it a useful candidate species for biomonitoring programs for de-
velopment bioindicators (Oliva et al., 2012; Orfanidis et al., 2010;
Papathanasiou, 2013).
In this study we investigated, under controlled laboratory condi-
tions, the effects of different combinations of three key environmental
variables (light, nutrients and copper) on the photosynthetic perfor-
mance of C. nodosa shoots collected from three populations in the N.Aegean Sea, Greece that are exposed to different degrees of anthropo-
genic disturbance. The objectivewas to then use the results to better un-
derstand data collected from ﬁeld studies and further understand the
effect of these key stressors on C. nodosa in the N. Aegean Sea.
2. Materials and methods
2.1. Sample handling and study area
Shoots were collected using SCUBA, from three meadows (Brasidas,
NeaKarvali and Thasos) of known ecological status in theKavala Gulf, N.
Aegean Sea, Greece. Brasidas meadow is located in the inner part of
Cape Brasidas on the Eleutheron Gulf. It is one of the least impacted
areas on the mainland of the Kavala Gulf and has been included in the
EuropeanNatura 2000 network (code GR1150009).Main anthropogen-
ic activities include ﬁshing and tourism in the wider region, as well as
port activities in the nearby town of Nea Peramos. Nea Karvali is an
old agricultural and ﬁshing settlement that, since 1981, has seen in-
creased levels of industrial development and, in particular, the estab-
lishment of a phosphorus fertilizer shoot, the Kavala city wastewater
treatment facility, and a crude oil de-sulfurization complex that signiﬁ-
cantly affect the surrounding coastal area (Xeidakis et al., 2010). On the
basis of the Ecological Evaluation Index (EEI) of upper infralittoral sea-
weed communities, Orfanidis et al. (2005a) classiﬁed Nea Karvali as of
“moderate” and Brasidas as of “good” ecological status. The third mead-
ow is located at the northern part of Thasos Island in the eastern part of
Kavala Gulf, approximately 10 km from themainland. The island's main
income comes from tourism, while the agricultural activities do not in-
ﬂuence signiﬁcantly the coastal water quality, because of the relative
high hydro-dynamism of the area. Brasidas and Thasos meadows
where chosen as reference sites, while the meadow at Nea Karvali was
chosen as a highly impacted one. Table 1 shows mean concentrations
of key macronutrients in the water column and metal concentrations
in the sediment from the studied meadows.
All shoots were collected during the summer of 2007 and 2009, at
around 10:00 am, from a water depth of 2–3 m and transported, inside
a portable cooler, to the laboratory within 30min. Once in the laborato-
ry, shoots were separated and cleaned of epiphytes. Shoots with similar
morphology and a 2 cm rhizome and a single 1 cm root were used.
Shoots were allowed to acclimatize fully submerged in plastic aquaria
tanks containing artiﬁcial seawater (ASW) without added nutrients,
for 1 h at 21 °C within a controlled temperature (CT) room. Münster
sea salt (Meersalz) was used to produce ASW at a salinity of 35.
Unless otherwise stated, experiments were carried out at an
irradiance of 67 μmol photons m−2 s−1 (measured at the bottom of
water-ﬁlled tanks with a Li-COR Li-250 quantum sensor) on a 14:10 h
(light:dark) photoperiod at 21 °C, for a period of eight days. Single
shoots were placed in 1 l plastic tanks containing aerated ASW of 35.
All tanks were covered with watch-glasses to prevent evaporation.
Each treatment had six replicates. At the start of the experiment and
on alternate days, the effective quantum yield (ΔF/Fm′) of the second
leaf, at a position 2 cm above the stem, was measured using a DIVING
PAM (Walz, Germany). This protocol was followed throughout as ΔF/
Fm′ is known to vary along the length of a leaf (Durako and Kunzelman,
2002). Daily measurements were avoided, since shoots, especially under
high stress conditions, became very fragile, making handling difﬁcult.
The growth medium was replenished after taking measurements to pre-
vent nutrient depletion with time.
To assess leaf elongation, a small hole wasmadewith a needle at the
base of each shoot. At the end of the experiment the distance between
the hole and the basis was measured, using a ruler and the leaf elonga-
tion was calculated (Short, 1987). All experiments were conducted
twice, once with shoots sampled from one of the reference sites and
once from the impacted site, in order to test the importance of the
shoot's acclimation history on its reaction to certain stressors. Leaf elon-
gation wasn't measured in the P enrichment experiment.
Table 1
Mean concentrations of key macronutrients in the water column and metal concentrations in sediments sampled at 10 m depth adjacent to the studied meadows (Sylaios et al., 2004).
Abiotic parameters Nea Karvali (highly impacted) Brasidas (non-impacted) Thasos (non-impacted)
Main human pressures Domestic (ca. 80,000 inhabitants),
industrial & agricultural efﬂuents
Domestic (ca. 20,000 inhabitants) &
agricultural efﬂuents
Domestic (ca. 13,765 inhabitants)
Seawater (surface)
Temperature (°C) 17.4 17.4 18.95
Salinity (PSU) 33.7 33.7 34.1
N-NO3 (μmol/l) 8.8 5.41 1.625
N-NO2 (μmol/l) 0.18 0.15 0.305
N-NH4 (μmol/l) 2.89 1.15 0.135
P-PO4 (μmol/l) 2.57 1.13 0.98
Sediment
Cu (ppm) 39.9 9.63 NS
Ni (ppm) 43.8 11.67 NS
Zn (ppm) 102.9 97.12 NS
Pb (ppm) 31.97 34.51 NS
Cd (ppm) 1.5 0.09 NS
Cr (ppm) 162.3 32.96 NS
Table 2
Collection data of experimental materials.
Experiment Meadow Sampling date
Nutrients Nea Karvali 17-08-2009
Thasos 14-07-2009
Light + PO43− Nea Karvali 17-09-2009
Thasos 29-09-2009
Copper Nea Karvali 15-06-2009
Thasos 29-06-2009
Brasidas 30-07-2007
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To test the hypothesis that light limitation, nutrient enrichment, and
copper exposure do not inﬂuence photosynthetic efﬁciency and leaf
elongation of C. nodosa the following three experimental protocols
were used.
2.2.1. Effects of N and P enrichment
The effects of different combinations of N and P concentrations were
tested by exposing single shoots collected from Nea Karvali and Thasos
to four nutrient concentration combinations that reﬂected a nutrient
gradient from oligotrophic (A) to eutrophic (D) conditions in the
Aegean Sea. The concentrations were chosen based on the background
concentrations of the study area provided in Table 1:
A: 0.3 μΜ N-NO3−; 0.02 μΜ P-PO43−
B: 10 μΜ N-NO3−; 0.5 μΜ P-PO43−
C: 20 μΜ N-NO3−; 1 μΜ P-PO43−
D: 30 μΜ N-NO3−; 2 μΜ P-PO43−
2.2.2. Effects of PO4
3− enrichment under different irradiances
The effects of P-PO43− under two different irradiances (37 and
65 μmol photons m−2 s−1) were tested by exposing shoots from Nea
Karvali and Thasos to four concentrations (0.02, 0.5, 1.0 and 2 μΜ)
while maintaining N-NO3 at 30 μΜ.
2.2.3. Effects of copper enrichment
Shoots collected from Nea Karvali, Brasidas and Thasos meadows
were exposed to 4 different Cu concentrations (0, 1.6, 4.7 and 7.9 μΜ)
while maintaining constant concentrations of N (0.3 μM N-NO3) and P
(0.02 μM P-PO4), reﬂecting a low nutrient environment of the study
area.
2.3. Statistical analysis
Data analysis was conducted using the R environment, provided
by the R Foundation. Leaf elongation was analyzed using one-way
ANOVA, while ΔF/Fm′ with repeated measurements using the “lme”
function from the “nlme” package of mixed effects models. In all cases
leaf elongation and ΔF/Fm′ were treated as dependent variables, treat-
ments (N P enrichment, P enrichment, Cu, light) as independent ﬁxed
variables and day and replicate as random variables. Models were ac-
cepted only when they were signiﬁcantly different from the null
model. One way ANOVA's between meadows were executed using the
“aov” function. Statistically signiﬁcant level was set at a p-value of 0.05.3. Results
3.1. Effect of N and P enrichment
The effects of different combinations of N and P on ΔF/Fm′were sig-
niﬁcant only in shoots from Thasos meadow (Table 3). At the end of the
experiment mean value of Nea Karvali shoots in concentration A was
0.744 ± 0.011SE, in B 0.755 ± 0.013SE, in C 0.771 ± 0.002SE and in D
0.765 ± 0.004SE, while of Thasos shoots in A was 0.754 ± 0.004SE, in
B 0.755 ± 0.013SE, in C 0.771 ± 0.002SE and in D 0.773 ± 0.003SE.
Leaf elongation showed no signiﬁcant variation between the differ-
ent nutrient concentrations (Table 4), even though an increasing trend
was witnessed (Fig. 1). Leaves from Nea Karvali grew 1.33 cm ± 0.4SE
under the low nutrient concentration A, 1.79 cm ± 0.40SE under B,
1.78 cm ± 0.44SE under C and 2.11 cm ± 0.54SE under D. Leaves
fromThasosmeadow grew less in the same period; under A leaf elonga-
tion was 0.84 cm ± 0.20SE, under B 1.18 cm ± 0.23SE, under C
0.83 cm± 0.18SE and under D 1.05 cm± 0.21SE.
Shoot acclimation played a signiﬁcant role to nutrient response,
as shoots from Nea Karvali gave signiﬁcantly higher values in their
ΔF/Fm′ and leaf elongation to nutrient enrichment than those from
Thasos (Table 5).3.2. Effect of P-PO4
3− exposure under different light conditions
There was no signiﬁcant variation in ΔF/Fm′ between the low P-
PO43− (0.02 μΜ) and all other treatments for shoots from bothmeadows
or between the interaction of light and P-PO43− (Table 6). At the end
of the experiment mean ΔF/Fm′ values didn't show high variability
from both meadows. Shoots from Thasos had mean ΔF/Fm′ 0.754 ±
0.006SE, 0.761 ± 0.008SE, 0.764 ± 0.007SE and 0.764 ± 0.005SE
under 0.02, 0.5, 1 and 2 μM of P-PO43− respectively, while shoots from
Nea Karvali 0.766 ± 0.006SE, 0.760 ± 0.007SE, 0.761 ± 0.006SE and
0.755 ± 0.009SE.
Table 3
Mixed effect model analysis of effective quantum yield (ΔF/Fm′) values of Cymodocea
nodosa leaves from two meadows (Nea Karvali and Thasos) in the N. Aegean Sea, after
an 8 day exposure in four nutrient concentrations (A: 0.3 μΜ N-NO3−, 0.02 μΜ P-PO43−; B:
10 μΜ N-NO3−, 0.5 μΜ P-PO43−; C: 20 μΜ N-NO3−, 1 μΜ P-PO43−; D: 30 μΜ N-NO3− 2 μΜ
P-PO43−). Table shows comparison between treatments B, C, D and control treatment A
(not shown).
Meadow Factor Value Std. error df t-Value p-Value
Nea Karvali Intercept 0.746 0.006 96 116.385 b0.001
B 0.007 0.008 20 0.979 0.339
C 0.004 0.008 20 0.529 0.602
D 0.013 0.007 20 1.868 0.077
Thasos Intercept 0.758 0.004 95 186.732 b0.001
B −0.006 0.007 20 −0.929 0.364
C 0.008 0.005 20 1.634 0.118
D 0.015 0.005 20 3.155 0.005
Fig. 1. Cymodocea nodosa mean leaf elongation values (±standard error, n = 6) after
8 days exposure to four nutrient concentrations (A: 0.3 μΜ N-NO3−, 0.02 μΜ P-PO43−; B:
10 μΜ N-NO3−, 0.5 μΜ P-PO43−; C: 20 μΜ N-NO3−, 1 μΜ P-PO43−; D: 30 μΜ N-NO3−, 2 μΜ
P-PO43−) sampled from two meadows (Nea Karvali and Thasos) in the N. Aegean Sea.
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increase of ΔF/Fm′ (Figs. 2 and 3), under 37 μmol photons m2 s−1.
Mean ΔF/Fm′ from Thasos meadow shoots increased from 0.757 ±
0.002SE of day 0 to 0.769 ± 0.004SE after 8 days under
37 μmol photons m2 s−1, while mean ΔF/Fm′ decreased from 0.754 ±
0.003SE to 0.752 ± 0.005SE under 65 μmol photons m2 s−1 during
a similar period of time. Mean ΔF/Fm′ from Nea Karvali shoots meadow
increased from 0.763 ± 0.004SE to 0.769 ± 0.002SE after 8 days under
37 μmol photons m2 s−1, while ΔF/Fm′ decreased from 0.761 ± 0.004SE
to 0.752 ± 0.006SE under 65 μmol photons m2 s−1 during a similar
period of time. Shoot acclimation history had no signiﬁcant effect on
its reaction to light treatment (Table 7).3.3. Copper exposure
The ΔF/Fm′ of shoots from all three populations were signiﬁcantly
affected by concentrations greater than 1.6 μM Cu (Table 8, Fig. 4).
MeanΔF/Fm′ from Brasidaswasmeasured at the end of the experiment
0.763 ± 0.006SE, 0.772 ± 0.007SE, 0.702 ± 0.024SE and 0.593 ±
0.019SE under 0, 1.6, 4.7 and 7.9 μM of Cu, respectively. Similarly,
mean ΔF/Fm′ from Thasos was measured 0.752 ± 0.022SE, 0.758 ±
0.022SE, 0.605 ± 0.022SE and 0.522 ± 0.022SE and from Nea Karvali
was measured 0.746 ± 0.006SE, 0.671 ± 0.027SE, 0.518 ± 0.051SE
and 0.359 ± 0.027SE under 0, 1.6, 4.7 and 7.9 μM of Cu, respectively.
Highest Cu concentration decreased leaf elongation signiﬁcantly
only for shoots fromNea Karvali (Table 9). Fig. 5 shows themean values
of leaf elongation between all Cu treatments. Only the two highest Cu
concentrations decreased leaf elongation signiﬁcantly from the control
(Fig. 6). Leaves grew 2.93 cm ± 0.61SE under the control treatment,
1.89 cm ± 0.47SE under 1.6 μM Cu, 1.15 cm ± 0.35SE under 4.7 μM
Cu and 0.98 cm± 0.15SE under 7.9 μM Cu.
Therewas no signiﬁcant effect of Cu on the elongation of leaves from
Thasos (Table 9), even though a negative trend could be seen (Fig. 5).
Leaves grew 1.84 cm ± 0.27SE under control treatment, 1.26 cm ±
0.38SE under 1.6 μM Cu, 1.08 cm ± 0.33SE under 4.7 μM Cu and
0.72 cm± 0.15SE under 7.9 μM Cu.
As shown in Table 10, shoots from Thasos and Brasidas meadows
had a similar reaction to Cu enrichment that was signiﬁcantly different
from that from the ones fromNeaKarvali (p b 0.05). Leaf elongationwas
also signiﬁcantly different between Nea Karvali and Thasos meadows.Table 4
One way ANOVA of Cymodocea nodosa leaf elongation from two meadows (Nea Karvali
and Thasos) in the N. Aegean Sea, after an 8 day exposure to four nutrient concentrations.
For more information see Table 3.
Meadow F p-Value
Nea Karvali 0.478 0.700
Thasos 0.641 0.5934. Discussion
4.1. Nutrient exposure
In this study, the combination of nutrients (N + P) signiﬁcantly in-
creased shoot photosynthetic performance (ΔF/Fm′) in shoots from
the oligotrophic site of Thasos but only under high concentrations
(Tables 2, 3). The late summer period, when these experiments were
conducted, is characterized by relatively low nutrient availability due
to spring–summer uptake by phytoplankton, fast growing epiphytes
and opportunistic macroalgae (Orfanidis and Panayotidis, 2005;
Sylaios et al., 2005), and coincides with the end of the optimal growing
season for C. nodosa (Leoni et al., 2006). These conditions can also be
seen in the signiﬁcantly lower nitrogen and phosphorus content in
shoot tissues measured during the summer period (1.867%DW ±
0.545SE and 0.192%DW ± 0.045SE, respectively) (Papathanasiou,
2013). In contrast, nutrient enrichment had no effect on ΔF/Fm′ of
shoots from the impacted site of Nea Karvali where nutrient concentra-
tions in the water column can be from 1.5 to 2.5 times higher (Sylaios
et al., 2005) and therefore sufﬁcient to be stored in shoot tissue and to
support photosynthesis for 8 days. Shoots from Nea Karvali have been
found to store 1.84 times more N and 1.61 more P in their leaves than
shoots from Brasidas (Papathanasiou, 2013). A similar response has
been reported for several seagrass species (Agawin et al., 1996; Lee
et al., 1999) including P. oceanica, that had twice the photosynthetic ca-
pacity at a slightly eutrophic site compared to shoots from an oligotro-
phic one (Agawin et al., 1996; Lee and Dunton, 1999).
The decline in seagrassmeadows under nutrient enrichment ismost
commonly linked to indirect ecological processes, mainly through theTable 5
Mixedeffectmodel analysis ofCymodocea nodosa leaf elongation andeffective quantumyield
(ΔF/Fm′) after an 8 day exposure to four nutrient concentrations between two meadows,
Nea Karvali and Thasos in the N. Aegean Sea. For more information see Table 3.
Parameter Factor Value Std. error df t-Value p-Value
ΔF/Fm′ Intercept 0.753 0.002 192 308.407 b0.001
Thasos 0.010 0.003 46 2.775 0.008
Leaf elongation Intercept 1.755 0.169 137 10.36 b0.001
Thasos −0.785 0.22 137 -3.564 0.001
Table 6
Mixed effect model analysis of effective quantum yield (ΔF/Fm′) values of Cymodocea
nodosa leaves from two meadows (Thasos and Nea Karvali) in the N. Aegean Sea, after
an 8 day exposure in four P-PO43− concentrations (A: 0.02; B: 0.5; C: 1; D: 2 μM), under
two different light conditions (37 and 65 μmol photons m2 s−1). For more information
see Table 3.
Meadow Factor Value Std. Error df t-Value p-Value
Thasos Intercept 0.76 0.004 191 200.486 b0.001
Low light 0.013 0.004 191 2.91 0.004
B −0.002 0.006 41 −0.266 0.792
C 0.001 0.006 41 0.245 0.808
D −0.006 0.006 41 −1.086 0.284
B: low light 0.003 0.007 41 0.426 0.672
C: low light 0.005 0.007 41 0.782 0.439
D: low light 0.009 0.007 41 1.25 0.218
Nea Karvali Intercept 0.747 0.007 192 101.957 b0.001
Low light 0.024 0.008 40 3.074 0.004
B 0.009 0.009 40 0.986 0.33
C −0.001 0.01 40 −0.06 0.952
D 0.001 0.01 40 0.125 0.901
B: low light −0.006 0.01 40 −0.556 0.581
C: low light 0.001 0.011 40 0.071 0.944
D: low light 0 0.011 40 0.027 0.978
117V. Papathanasiou et al. / Journal of Experimental Marine Biology and Ecology 469 (2015) 113–122stimulation of algal biomass that causes light limitation (Tuya et al.,
2013), although there is some evidence linking such declines directly
to physiological mechanisms, typically shoot die-off due to internal car-
bon limitation (Touchette and Burkholder, 2000). While this relation-
ship has not been tested for all seagrass species, of those tested, most
display limited or negligible nutrient feedback inhibition and continue
to take up nutrients at high rates for as long as they are available in
the environment (Burkholder et al., 2007; Mvungi and Mamboya,
2012). The evolution of seagrasses under oligotrophic conditions has
led to the development of a sustained nutrient uptake and assimilation
processes to take advantage of temporary enrichment that would even-
tually cease. Since nitrate assimilation and reduction is energetically
costly, continuous exposure to high N concentrations would eventually
lead to signiﬁcant declines in shoot growth, by consuming carbohydrate
reserves for synthesizing amino acids and resulting in internal carbon
limitation (Leoni et al., 2008). This mechanism was responsible for the
75–95% shoot die-off in Z. marina following exposure to low nitrate en-
richment (3.5 and 7 μM) for 7weeks (Burkholder et al., 1992). The short
experimental period (8 days) used in our studywas not sufﬁcient to ob-
serve this phenomenon in C. nodosa, but it was established that a short
period of nutrient enrichment had no generic effect on the photosyn-
thetic activity of the shoots. Longer exposure to high nutrient concen-
trations would eventually lead to the meadow degradation, but the
main pathway would be through the increased biomass of algae and
epiphytes, rather than toxic effect on the shoot (Tuya et al., 2013).
Leaf elongation showed no signiﬁcant response to nutrient concen-
trations (Table 4), even though an increasing trend can be seen in
Fig. 1. Typically, seagrasses growing under intermediate concentrations
of nutrients, and non-limiting light conditions, increase their rates of
uptake and assimilation. The excess nutrients are used in carbon
ﬁxation through increased photosynthetic activity, to produce more
biomass (Lee et al., 2007). However, a lack of a growth response to nu-
trient enrichment has been documented for other species (Kenworthy
and Fonseca, 1992; Ramirez Garcia et al., 2002; Udy and Dennison,
1997), suggesting that othermechanisms are inﬂuential such as season-
ality or temperature. C. nodosa displays a high degree of phenotypic
plasticity and seasonality has been identiﬁed as a key driver affecting
its phenology and behavior (Reyes et al., 1995). In these experiments
temperaturewasmaintained at 21 °C, reﬂecting the environmental con-
ditions of late spring–early summer but this temperature is close to the
lower end of the optimum for the growth of C. nodosa in the N. Aegean
Sea (unpublished data). Genetic adaptation may also play an important
role, as the three populations have been identiﬁed to be genetically dif-
ferent ecotypes (Orfanidis et al., 2014).4.2. Effect of PO4
3− exposure under different light conditions
Phosphorus and light were chosen for these experiments since they
have been identiﬁed as key abiotic factors that are linked to the anthropo-
genic stress gradient in the region ofN. Aegean Sea (Orfanidis et al., 2010).
Despite this, increasing concentrations of PO43− had no signiﬁcant effect on
ΔF/Fm′, even though this set of experiments was run in mid to late
September (Table 3) when nutrients in the water column are relatively
low. Light, however, did signiﬁcantly affectΔF/Fm′ (Table 6). In both ex-
periments conducted, low irradiance (37 μmolphotonsm−2 s−1) resulted
in higherΔF/Fm′ than higher values (65 μmol photonsm−2 s−1),while the
source meadow of the material had no signiﬁcant inﬂuence on their re-
sponse (Table 7). These ﬁndings are consistent with studies of other
seagrass species where high light (100–1000 μmol photons m−2 s−1)
caused signiﬁcant declines in photosynthetic activity, including ΔF/Fm′,
as well as shoot size and chlorophyll content (Abal et al., 1994; Beer and
Waisel, 1982; Bite et al., 2007; Dennison, 1987; Kraemer and Hanisak,
2000; Lee and Dunton, 1997; Longstaff et al., 1999; Masini et al., 1995;
Ralph, 1999; Ralph and Burchett, 1995).
The increased ΔF/Fm′ values in low light treatments reﬂect the
shoots' effort to increase their photosynthetic efﬁciency, in order to cap-
ture more photons and sustain growth. For this reason, the minimum
quantum requirements for photosynthesis (1/Φmax) are reduced to ap-
proach the theoretical minimum of 8 photons (Govindjee, 1999) and
leaf absorptance is enhanced (Ralph et al., 2007), usually by increasing
the chlorophyll content of shoots (Longstaff and Dennison, 1999).
Other reported photo-adaptative responses include increased maxi-
mum effective yield (Fv/Fm), photosynthetic efﬁciency (a), reduced
maximum electron transport rate (rETRmax) and a reduction in the sat-
urating irradiance (Ek), data that can be collected from rapid light curves
(RLC) (Ralph and Gademann, 2005). Increases in ΔF/Fm′ were noted
within the ﬁrst two days of the experiments andwere greater in shoots
fromThasos, probably due to thehigher irradiances these shoots receive
in the ﬁeld. After 8 days of exposuremeanΔF/Fm′ valueswere the same
for both light conditions, regardless of the source of material, a result
that highlights the signiﬁcance of light as an ecological quality factor,
as well as C. nodosa's ability to acclimatize to prevailing conditions.
4.3. Copper exposure
The ΔF/Fm′ of shoots from all three studied meadows were nega-
tively affected by exposure to copper. While the lowest copper concen-
tration (1.6 μM) had no signiﬁcant effect, concentrations of 4.7 μM and
7.9 μM caused signiﬁcant declines (Table 8). These negative effects
were observed 2 days earlier in shoots from Nea Karvali than from
Thasos and Brasidas (Fig. 4). The decreases in variable ﬂuorescence
(Ft) and maximum ﬂuorescence (Fm′), are indicative of a reduction in
the available reaction center pools of PSII (Macinnis-Ng and Ralph,
2004a). Copper is a micronutrient required for plastocyanin production,
a protein utilized in electron transport from cytochrome f to PSII, but
under high Cu concentrations it impedes electron transport between
PSI and PSII (Govindjee, 1995). Concurrently, Cu causes chlorosis and
alters plasma-membrane permeability that eventually leads to ion
leakage (Ouzounidou et al., 1992). More speciﬁcally, Cu attacks
sulphydryl groups of membranes, thus damaging permeable layers
and allowing ion diffusion into the chloroplast leading to its degradation
(Ouzounidou, 1994).
Signiﬁcant inhibition of leaf elongation occurred in shoots from Nea
Karvali, but not from Thasos, under the two highest Cu concentrations
(Fig. 5). The signiﬁcance of the previous to a stress incident shoot accli-
mation history as well as the environmental conditions may hold a sig-
niﬁcant role in the meadows' reaction and their ability to survive.
Ambo-Rappe et al. (2011) commented on the unpredictable nature of
metal exposure, presenting conﬂicting data on the effects of metal
exposure on the morphology of Halophila ovalis. Increasing metal con-
centrations resulted in reduced morphological traits in laboratory
Fig. 2. Cymodocea nodosamean ΔF/Fm′ leaf values (±standard error, n= 6) collected fromNea Karvali meadow during an 8 day exposure in four P-PO43− concentrations (0.02, 0.5, 1 and
2 μM; N 30 μM), under two different light conditions (37 and 65 μmol photons m2 s−1).
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planation is that concentrations used in laboratory experiments were
signiﬁcantly higher than those usually met in the ﬁeld, in order to
yield a response. Also metal adsorption and uptake are affected by bio-
availability which is inﬂuenced by various environmental and biological
factors such as pH, sediment particle size, temperature, salinity, season-
ality species-speciﬁc effects, type and age of tissue (Ralph et al., 2006).
Leaf senescence due to increased copper concentration has been re-
ported formany seagrass species (Ambo-Rappe et al., 2011;Malea et al.,
1995) andwas also observed in this study, especially in shoots fromNea
Karvali. This phenomenon is associated with the stimulation of phyto-
chrome activity, which leads to increased abscisic acid and ethylene
production, that in turn signals the leaf abscission and loosening of
cell walls (Malea and Kevrekidis, 2013; Malea et al., 1995).
Negative effect ofmetal concentrations onΔF/Fm′ has been reported
for other seagrass species too (Macinnis-Ng and Ralph, 2002, 2004a;
Ralph and Burchett, 1998). Likemost shoots, they can cope with metalsthrough three pathways. They can isolate the metals to a neutral
function, sequester the toxic particle, ormetabolize it by biotransforma-
tion enzymes, increasing their water solubility (Pergent-Martini and
Pergent, 2000). Considering that Cu has a number of impact sites on
the shoot, it isn't always easy to predict the endpoint of the toxic
event and the ability to withstandmetal stress is linked to an individual
shoot's or population's ability to undergo physiologicalmodiﬁcations, or
evolve mechanisms of resistance (Klerks and Weis, 1987).
Shoots from the less impacted meadows demonstrated a higher tol-
erance to copper, as they were affected less by a medium copper con-
centration (4.7 μM) and even under a higher concentration (7.9 μM)
still maintained an increased photosynthetic efﬁciency in comparison
to shoots from Nea Karvali meadow (Fig. 4). Jepson and Sherratt
(1996) suggested that assessment of ecotoxicological risks can behighly
site speciﬁc, while Foy et al. (1978) discussed the evolution ofmetal tol-
erant ecotypes within shoot species. Macinnis-Ng and Ralph (2004b)
studiedmetal exposure on Z. capricorni from three isolated populations.
Fig. 3. Cymodocea nodosameanΔF/Fm′ leaf values (±standard error, n=6) collected fromThasosmeadowduring an 8 day exposure in four P-PO43− concentrations (0.02, 0.5, 1 and 2 μM;
N 30 μM), under two different light conditions (37 and 65 μmol photons m2 s− 1).
Table 8
Mixed effectmodel analysis of effective quantum yield values of Cymodocea nodosa leaves
from three meadows (Brasidas, Thasos and Nea Karvali) in the N. Aegean Sea, after an 8
day exposure in four Cu concentrations (A: 0, B: 1.6, C: 4.7 and D: 7.9 μΜ), under 0.3 μΜ
N-NO3− and 0.02 μΜ P-PO43−. For more information see Table 3.
Meadow Concentration Value Std. error df t-Value p-Value
Brasidas Intercept 0.758 0.005 96 167.306 b0.001
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metalswould bemore resistant than naïve ones, they found a signiﬁcant
decrease in chlorophyll-a ﬂuorescence with additions of 500 and
1000 μg l−1 of Cu only in shoots from a polluted site, while the mecha-
nisms responsible couldn't be identiﬁed.
An explanation could be based on differential copper adsorption and
uptake, a surface-area dependent process (Malea et al., 1995), thatTable 7
One way ANOVA of Cymodocea nodosa leaf elongation from two meadows (Nea Karvali
and Thasos) in the N. Aegean Sea, after an 8 day exposure to four P-PO43− concentrations
and two light conditions. For more information see Tables 3, 6.
Factor Value Std. error df t-Value p-Value
Intercept 0.762 0.004 384 184.808 b0.001
Thasos −0.007 0.006 91 −1.125 0.264
B 0.013 0.006 20 2.057 0.053
C −0.018 0.006 20 −2.849 0.010
D −0.039 0.006 20 −6.047 b0.001
Nea Karvali Intercept 0.746 0.011 93 70.192 b0.001
B 0.011 0.015 20 0.750 0.462
C −0.045 0.015 20 −2.963 0.008
D −0.077 0.015 20 −5.115 b0.001
Thasos Intercept 0.764 0.004 96 198.661 b0.001
B 0.004 0.005 20 0.761 0.456
C −0.061 0.012 20 −5.193 b0.001
D −0.114 0.028 20 −4.047 0.001
Fig. 4.Mean values of ΔF/Fm′ (±standard error, n = 6) of Cymodocea nodosa leaves from
three meadows (Brasidas, Thasos and Nea Karvali) in N. Aegean Sea after an 8 day expo-
sure to four Cu concentrations: A: 0, B: 1.6, C: 4.7 and D: 7.9 μΜ, with the addition of
0.3 μΜ N−NO3−, 0.02 μΜ P-PO43−.
Fig. 5. Cymodocea nodosamean leaf elongation values (±standard error, n= 6) from two
meadows (Nea Karvali and Thasos) in N. Aegean Sea, after an 8 day exposure to 4 Cu
concentrations (A: 0, B: 1.6, C: 4.7 and D: 7.9 μΜ) and 0.3 μM N-NO3− 0.02 μM P-PO4.
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than leaves from pristine sites, since they employ more binding sites.
At the same time, Cu concentration in Nea Karvali meadow measured
in the sediment (39.9 ppm) were found to be signiﬁcantly higher than
those measured in Brasidas meadow (9.63 ppm) (Sylaios et al., 2004),
leading to a greater internal concentration within shoots from the ﬁrst
meadow, that with the addition of more copper led to a faster negative
physiological response. Even under these extreme conditions shoots
from the undisturbed meadows maintained higher ΔF/Fm′ values,Table 9
One way ANOVA of Cymodocea nodosa leaf elongation from two meadows (Nea Karvali
and Thasos) in the N. Aegean Sea, after an 8 day exposure to four Cu concentrations.
Table shows comparisons between treatments B, C, D and control treatment A. For more
information see Tables 3, 8.
Meadow Factor Estimate Std. error t Value p-Value
Nea Karvali Intercept 2.926 0.443 6.606 b0.001
B −1.039 0.599 −1.736 0.086
C −1.776 0.619 −2.871 0.005
D −1.950 0.611 −3.190 0.002
Thasos Intercept 1.184 0.256 4.634 b0.001
B 0.080 0.392 0.204 0.839
C −0.106 0.392 −0.269 0.789
D −0.463 0.361 −1.280 0.205although therewas a greater initial reduction until the end of the exper-
iment and in contrast to shoots from Nea Karvali, senescence was limit-
ed. Further studies of the physiochemical parameters, measuring
internal versus extra-cellular Cu concentrations, withmulti-stressor ex-
periments (such as nutrients–light–copper) as well as the genetics of
the populations involved could help determine the inﬂuence of genetic
variation in Cu resistance.
5. Conclusions
The results of this study clearly indicate the need to explore evolu-
tionary adaptation and phenotypic plasticity before appropriate man-
agement decisions made to protect C. nodosa from anthropogenic
stress in order to avoidmisinterpretation of ﬁeld results and to focus ef-
forts on the most crucial and sensitive factors, such as light availability.
While high nitrate and phosphate concentrations improved the photo-
synthesis of only nutrient limited shoots frompristine sites, light provedFig. 6. Post hoc pairwise comparisons of Cymodocea nodosa leaf elongation from two
meadows in the N. Aegean sea (a—Nea Karvali, b—Thasos) after an 8 day exposure to
four copper concentrations (A: 0, B: 1.6, C: 4.7 and D: 7.9 μΜ) for shoots with 95%
conﬁdence intervals using the Tukey test. Denotes statistical signiﬁcant difference.
Table 10
Mixed effect model analysis of Cymodocea nodosa a) ΔF/Fm′ and b) leaf elongation re-
sponse to 4 levels of copper concentration exposure for 8 days, on samples from three
meadows (Brasidas, Nea Karvali and Thasos) in N. Aegean Sea. Table shows comparisons
between Brasidas meadow and the two others. For more information see Tables 3, 8.
a) ΔF/Fm′ Value Std. error df t-Value p-Value
Intercept 0.767 0.004 351 209.854 b0.001
Nea Karvali −0.029 0.005 351 −6.166 b0.001
Thasos 0.006 0.004 351 1.532 0.126
b) Leaf elongation F df p-Value
Nea Karvali 3.926 3 0.016
Thasos 1.233 3 0.315
121V. Papathanasiou et al. / Journal of Experimental Marine Biology and Ecology 469 (2015) 113–122to be the most important factor affecting photosynthesis. In particular,
low irradiance caused an increase of ΔF/Fm′ independent of the
material's source. Copper proved to be a toxicmetal, especially for high-
ly stressed meadow, but only under high concentrations that are very
rarely met in the environment and can have an effect only after chronic
exposure. Therefore, high PAM ﬂuorescence valuesmeasured in anthro-
pogenic stressed environments of N. Aegean Sea and elsewhere seem to
be mainly linked to water turbidity caused indirectly by different
human activities and validate this methodology as promising in water
management. [ST]References
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